Abstract Postseismic displacements following great subduction earthquakes show significant long-wavelength and time-dependent patterns caused primarily by transient viscoelastic relaxation processes occurring broadly at depth. However, the Earth's viscosity structure and time-dependent variations are still poorly understood, especially in the years immediately following a great earthquake. Here we investigate the spatiotemporal variation of mantle viscosity proximal and distal to the southern Andes using 8 years of continuous high-resolution GPS observations following the 2010 M w 8.8 Maule earthquake in south Central Chile. We remove the potential influences of relocking and afterslip on far-field GPS displacements and estimate viscosities that can explain the 3-D displacements. The optimal viscosity structure exhibits a low-viscosity (~10 18 Pa s) mantle beneath the Andean volcanic arc and high-viscosity (>10 22 Pa s) cratonic mantle, indicating a dependence of transient viscosity on temperature. Comparisons of the viscosity distributions at different times show that mantle viscosities increase with time throughout the study region. Viscosity increase is generally fastest in the mantle wedge beneath the Andes and slows down with increasing distance from the source region of the Maule earthquake. Such temporal viscosity evolution may indicate a stress dependence of the viscosity proximal to the rupture zone, while regions east of the Andes act as a relatively rigid body (i.e., cratonic mantle) with much higher viscosity. Our results thus suggest that both temperature structure and stress state contribute to spatiotemporal variations of the mantle viscosity. Heterogeneous spatiotemporal variations of viscosity seem to control the expansion and duration of the postseismic deformation and therefore the postseismic stress evolution.
Introduction
Constraining the rock rheology of the asthenosphere on the continental scale is fundamentally important to our understanding of the evolution and dynamics of subduction zones and mountain belts (Burgmann & Dresen, 2008) . When a megathrust fault interface fails coseismically in a sudden great event, it induces large stress perturbations in the surrounding lithosphere and asthenosphere. Such perturbations drive subsequent postseismic material flow (i.e., viscoelastic relaxation) at depth, relaxing the coseismic extension of the upper LI ET AL. 1 plate and underlying mantle. Depending on the magnitude of the earthquake, postseismic relaxation may be reflected by centimeter-to meter-scale surface displacements over spatial scales of hundreds to thousands of kilometers and over timescales of years to decades.
Through numerical modeling, postseismic surface displacements measured by space geodesy (e.g., Global Positioning System [GPS] and interferometric synthetic aperture radar [InSAR] ) can provide insights into the rheological structure and mechanical properties of the mantle (e.g., Freed et al., 2017; Hu et al., 2016; Li et al., 2017; Moore et al., 2017; Nur & Mavko, 1974; Wiseman et al., 2015) . Recent postseismic studies of great subduction zone earthquakes (e.g., the 2004 M w 9.2 Sumatra-Andaman earthquake, Wiseman et al., 2015 ; the 2010 M w 8.8 Maule, Chile, earthquake, Klein et al., 2016; Li et al., 2017 ; and the 2011 M w 9.1 Tohoku-oki, Japan, earthquake, Freed et al., 2017; Sun et al., 2014) suggest that the mantle viscosity structure is highly heterogeneous. These results are not unexpected given the lateral heterogeneities in both material properties and thermal conditions that are ubiquitous to convergent plate boundaries and subduction zones. Temporally variable viscosities have also been inferred from geodetic time series of postseismic relaxation (e.g., Freed & Burgmann, 2004; Hussain et al., 2018; Malservisi et al., 2015; Pollitz et al., 2001) . A common and convenient approximation of the transient viscosity is the biviscous Burgers rheology, which allows for an initial short-term viscosity that transitions into a longer-term viscosity (e.g., Pollitz, 2003; Wang et al., 2012) . Another commonly used rheology, physics-based power law rheology, allows for a continuous increase of viscosity constrained by laboratory-scale empirical relationships of stress dependency (e.g., Freed & Burgmann, 2004; Kirby & Kronenberg, 1987; Sobolev & Muldashev, 2017) . These rheology models, though, include necessary simplifications or are based on empirical relationships. The first-order complexity of transient evolution of viscosity is necessarily constrained in the perspective of nature observations.
The M w 8.8 27 February 2010 Maule earthquake ruptured a~500-km segment of the South Chile subduction zone, which has been long identified as a seismic gap, north of the 1960 M w 9.5 Valdivia earthquake. Following the Maule earthquake, several studies have been conducted to investigate the postseismic deformation resulting from the earthquake. Bedford et al. (2013) and Lin et al. (2013) employed elastic models to study the effect of afterslip only on the early postseismic deformation in the near field. They consistently obtained a heterogeneous afterslip distribution with maximum slip up to 2 m near the downdip end of the coseismic slip at 20-40 km depth over the first 1.5 years. Klein et al. (2016) reported 5 years continuous GPS (cGPS) measurements and combined afterslip and viscoelastic relaxation with a Burgers rheology to model the first 2 years of the 3-D GPS time series in both the near and far fields. They found that the asthenosphere has a viscosity of~5 × 10 18 Pa s and a weak subduction channel extends from depths of 55-135 km with viscosity <10 18 Pa s. Bedford et al. (2016) used a straightening method to separate the displacements generated by relocking, afterslip, and viscoelastic relaxation in 4 years of GPS time series in the near field. They found that the plate interface recovers very rapidly (<1 year) to its interseismic locking state. Li et al. (2017) used a viscoelastic relaxation model to explain the 6-year 3-D cumulative displacements in the far field. They argued that a spatially heterogeneous viscosity distribution is necessary to explain the long-wavelength vertical deformation pattern, which is correlated to the first-order thermal structure at depth.
Previous models that combined both afterslip and viscoelastic relaxation potentially oversimplify the inferences drawn about the viscoelastic relaxation in terms of rheological and/or viscous-structural complexity in the asthenosphere. In this work, we aim to resolve the first-order heterogeneous viscoelastic relaxation process and aim for estimating the postseismic viscosity variation not only in space but more importantly in time. To do this, we present an updated model based on Li et al. (2017) with the addition of time windowing. Furthermore, we refine the methodology of Li et al. (2017) to more precisely estimate the viscosity values by considering the potential effects of afterslip and relocking. In particular, we explore the degree to which the continental craton-the Rio de la Plata craton of Argentina (Rapela et al., 2007 ; Figure 1 )-may affect the postseismic deformation pattern. We explore three scenarios of viscoelastic relaxation in the asthenosphere: homogeneous viscosity structure, laterally heterogeneous viscosity structure, and a refined laterally heterogeneous viscosity structure that incorporates cratonic mantle. We propose the optimal viscoelastic relaxation scenario from these three scenarios that best fit all the cumulative postseismic surface displacements recorded by cGPS stations. Comparing the results in variable cumulative time windows, we infer the evolution of the optimal viscosity structure in time. Finally, we present the implications for the mantle rheology in southern South America.
GPS Observations
We use cGPS time series processed in the IGS08 reference frame (Rebischung et al., 2012) to constrain our viscoelastic simulations. We obtained daily solutions from the Nevada Geodetic Laboratory (Nevada Bureau of Mines and Geology, University of Nevada, United States, http://geodesy.unr.edu/index.php, last accessed on 13 April 2018). We used 55 stations with observations spanning the Andes and southern Argentina and at least 3-4 years of the Maule postseismic period (Figure 1 ). The raw data, from which these position time series were generated (e.g., Figures 1b-1d ), were mainly provided through the National Science Foundation-funded Central Andes GPS Project (Bevis et al., 2000; Kendrick et al., 1999) and the postseismic deployment organized by Chilean, École normale supérieure (ENS), Deutsches GeoForschungsZentrum (GFZ-Potsdam), Institut de Physique du Globe de Paris (IPGP), and many other groups (e.g., Bedford et al., 2016; Klein et al., 2016) . The names, locations, and the access of the used stations are listed in Table S1 . We modeled the trajectory of the individual GPS stations using the approach described in Li et al. (2017) and removed the displacement components not related to the postseismic processes (i.e., seasonal variations and discontinuities from antenna offsets or the coseismic displacements of small earthquakes). Note that the (steady state) interseismic trend is not removed in this approach but modeled as described further below. Cumulative postseismic displacements at any given time period can thus be determined from the remaining postseismic transients of the trajectory model. Figures 1b-1d show one example of the trajectory model of the three observational components and Figure 1a shows the temporal evolution of both horizontal and vertical pathways determined from trajectory modeling at all stations.
The temporal evolutions of 3-D postseismic displacements show distinct characteristics in the 8 years of observations ( Figure 2 ). All stations show rapid westward (seaward) motion immediately after the Maule earthquake, which then decelerate gradually in the following years ( Figure 2a) . Interestingly, some stations near the coast reversed their directions to east and northward motion 3-4 years after the earthquake (denoted in the ellipse in Figure 2a ). Such behavior indicates that relocking had resumed and overwhelmed the postseismic transient (Wang et al., 2012) ; the northward motion indicates the obliquity of Nazca plate convergence. The reversal of horizontal displacements propagates gradually further inland toward the mountain range with time, indicating a gradual relocking of the magthrust and/or a decay of postseismic viscoelastic relaxation (Sun et al., 2018; Wang et al., 2012) . The stations located in the Andean mountain range, where the active volcanic arc is located (Hildreth & Moorbath, 1988 ; Figure 1a ), show the largest horizontal displacements (30-60 cm cumulative displacements over 8 years), while the stations in back-arc region, where the ancient Rio de la Plata Craton is inferred (Figure 1a ), show smaller but resolvable horizontal displacements (~5-cm cumulative displacements over 8 years; Figure 2a ). In the vertical displacement direction, the stations show continuous subsidence near the coast (~5 cm cumulative displacements over 8 years at 100-to 200-km trench distance), significant uplift in the mountain range (~10-cm cumulative displacements over 8 years at~200-to 500-km trench distance), and gentle subsidence in the region east of the volcanic arc (a few centimeters cumulative displacements over 8 years at 500-to 1,200-km trench distance), forming a very long-wavelength lithospheric flexure pattern ( Figure 2b ). Some stations near the coast also switched vertical displacement sense 3-4 years after the earthquake, from uplifting to subsiding.
Finite Element Modeling

Model Setup
We develop a continental-scale three-dimensional finite element model that includes elastic lithospheric (crust and upper mantle) and viscoelastic mantle asthenosphere. Our modeling approach focuses on deducing the effective viscosity heterogeneities beneath the network of GPS stations as constrained by the cumulative surface displacements. Accordingly, we assign a linear Maxwell rheology to the viscoelastic body. All numerical simulations in this study are solved with the open source finite element software PyLith (Aagaard et al., 2013) . The 3-D geometry of our model incorporates the geometry of the subduction slab and the continental Moho ( Figure S3a ; Contreras-Reyes & Osses, 2010; Hayes et al., 2012; Tassara & Echaurren, 2012) , following our previous studies of the south Central Chile area (e.g., Moreno et al., 2012) . The material properties used in the modeling and their corresponding references are described in Table S2 .
The model domain extends 4,000 km in the E-W direction, 2,000 km in the N-S direction, and 400 km in the vertical direction ( Figure S3a ). The east and west boundaries and the base of the model domain are held fixed, and the north and south boundaries and the top of the model domain have no constraints (free to move). We tested these boundary conditions and found no biasing influence on the model results. We use controlled meshing to gradually change the size of the elements in the study area ( Figure S3b ). To better resolve the fault slip and variation of material properties close to the oceanic slab, and to avoid distorted elements close to the trench, finer element discretization sizes are used on the continental surface (approximately 5 km), close to the oceanic slab (approximately 10 km), and close to the trench (approximately 
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1 km). A coarser element discretization size is assigned to the deep parts of both mantle domains (>50 km) to save computational cost. The final mesh is composed of about 1.5 million four-node tetrahedral elements in total.
We incorporate the coseismic slip distribution from Moreno et al. (2012) . We find that the coseismic surface displacements predicted by this model agree with GPS observations exceedingly well in the near and far fields of the rupture ( Figure S4 ), indicating that our model geometry, mesh, elastic material properties, and boundary conditions are appropriately defined. We then drive the postseismic simulations for an 8-year observation period using this coseismic rupture. We assume that all evidence of viscoelastic relaxation originates from the M w 8.8 coseismic rupture, as opposed to viscoelastic relaxation induced by afterslips, aftershocks, or relocking of the megathrust.
Modeling of Relocking and Afterslip
Since this study is focused on investigating the viscoelastic relaxation of the viscosity structure which impacts mainly on the far-field postseismic deformation (e.g., Freed et al., 2007; Freed et al., 2012) , we do not include the near-field stations <~300-km trench distance (i.e., the forearc area) in the analysis. The distribution of the stations selected and rejected for the analysis is shown in Figure S1 . In order to more precisely estimate the mantle viscosity values, we further model and remove the first-order effects of relocking and afterslip on surface displacements at the retained far-field stations. We simulate the geodetic signature of megathrust relocking results by forward modeling of the interseismic locking distribution from Moreno et al. (2011; Figure 3a) . We assume that that this model adequately describes the steady interseismic motion in all time series. Displacements due to afterslip are approximated by forward modeling of the afterslip distribution from Bedford et al. (2016; Figure 3b ) and assuming a power law decay ( Figure S2 ) following the strategies of Bedford et al. (2016) and Klein et al. (2016) .
The results (Figure 3 ) show that these two processes counteract each other, to some extent, in terms of horizontal displacements, and both produce negligible vertical displacements in the Andes mountain area. In the area east of the mountain range, no detectable displacements are predicted from these models, indicating that plate interface processes are likely to produce short-wavelength deformation patterns, as suggested by previous studies (e.g., Pollitz et al., 1998) . Consequently, viscoelastic relaxation is needed to explain the observed long-wavelength deformation pattern in the far field. As mentioned previously for simplicity, we ignore the potential scenario where viscoelastic relaxation may be influenced by relocking and afterslip.
Signatures of Cratonic Mantle on Viscoelastic Relaxation in the Far Field
Numerical modeling of near-field earthquake deformation usually involves artificial extensions of lateral model boundaries with simplification of Earth structure to a homogeneous medium in order to minimize potential boundary effects (e.g., Li et al., 2014) . This simplification might be problematic when modeling the postseismic viscoelastic relaxation deformation of great earthquakes and may inappropriately ignore long-wavelength displacements that are informative of lateral heterogeneities in Earth structure. Following the 2010 Maule earthquake, detectable postseismic displacements are recorded >1,400 km from the trench in the region of the Rio de la Plata craton ( Figure 1a ). The effective elastic thickness of such ancient continental lithosphere is estimated >60 km according to previous geophysical studies (e.g., Pérez-Gussinyé et al., 2008) , which might have an important impact on the postseismic deformation.
To examine and interrogate the potential influences of the rheological heterogeneity of a craton on the postseismic relaxation, we design a suite of synthetic models with and without the presence of cratonic mantle. The craton is assumed to be purely elastic (i.e., identical to the viscosity being infinitely large). Its west boundary is simplified as a viscosity contrast in the E-W direction, and its east boundary is set as the east border of the model. We vary the location of the western boundary of the craton (i.e., trench distance of 500, 700, and 900 km) and compare the predicted surface displacements of craton models and the laterally homogeneous model to the far-field GPS data (near the dashed line in Figure 3a ).
The results (Figures 4a and 4c ) show that models with and without the synthetic cratonic mantle predict a similar horizontal displacement pattern, but the models that include a cratonic mantle predict lower displacement magnitudes in the vicinity of the cratonic body. Such predictions of craton models are broadly consistent with the displacement gradient recorded by the far-field GPS stations following the Maule earthquake (Figure 4a ). This indicates that the influences of cratonic mantle are apparent in postseismic GPS time series in 10.1029/2018GC007645
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Argentina. The vertical displacement is decreased locally with the presence of cratonic mantle, showing a subsidence zone located around 100 km closer to the trench than the specified viscosity boundary (Figures 4b and  4d ). As expected, the presence of a cratonic mantle increasingly impacts predicted displacements as the transition to the craton is placed closer to the source region of the Maule earthquake. This indicates that gradients in the displacement field may be diagnostic of the location of the edge of the craton. Considering both the horizontal and vertical deformation pattern, especially the subsidence signal around 600 km, observed by GPS sites (Figure 2b ), we propose that the effective boundary of cratonic mantle is roughly 700 km from the trench (consistent with Li et al., 2017) and propose a refinement model in section 3.4.
Determining Viscosity Structures in Cumulative Time Windows
Here we describe our modeling approach to interrogate the spatiotemporal variations in asthenosphere viscosity in the study area. To ensure that the change of the cumulative static displacement can be interpreted as reflecting viscosity variation within the modeling sensitivity, we discretize the cumulative displacement time series into expanding 1-year intervals (i.e., the explored time windows are 0-1, 0-2, 0-3, 0-4, 0-5, 0-6, 0-7, and 0-8 years). Within each window, the cumulative postseismic displacements of each GPS station are determined by the time series analysis described in section 2.
For viscoelastic models, we consider three scenarios ( Figure 5 ) of viscoelastic structure in the asthenosphere: scenario A, equivalent oceanic and continental mantle rheologies (i.e., the homogeneous model); scenario B, laterally heterogeneous model following the strategy of Li et al. (2017) with the viscoelastic mantle properties 
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Geochemistry, Geophysics, Geosystems constrained by the time dependence observed at the GPS stations above it ( Figure S5) ; and scenario C, a laterally heterogeneous model assigned elastic behavior at distances greater than 700 km from the trench to approximate the effects of the Rio de la Plata craton based on the simulation described in section 3.3. We do not attempt to further refine the distance to the craton, the 3-D shape of the craton, or the viscosity of the craton given the relatively sparse station distribution in the far field.
For each of the model iterations, we use different strategies to determine the optimal viscosity. For the homogeneous model (scenario A, Figure 5a ), we iterate through a range of viscosities (i.e., 10 17 to 10 22 Pa s, lower or higher viscosity is found unnecessary to explain the displacements) and choose the optimal viscosity that can best explain all the GPS displacements. For the two heterogeneous viscosity structures (i.e., scenarios B and C), we first find the optimal viscosity that best fits each GPS station, on a station-by-station basis and within the expanding time intervals described above, by selecting the viscosity of the homogeneous viscoelastic model that minimizes the weighted root-mean-square (WRMS) misfit of the station (e.g., Figure 6a , following the approach of Li et al., 2017) . With the optimal viscosity values determined at all stations, we then construct the heterogeneous viscoelastic mantle structures for scenarios B and C (Figures 5b and 5c ). Finally, we justify the heterogeneous viscosity structures by forward models and compare their performances in terms of fitting the cumulative horizontal and vertical displacements of all the used stations.
Results
We explore the viscoelastic relaxations of forward models (i.e., scenarios A-C) in response to the Maule earthquake in the variable time windows. The performances of the three models are summarized in Figure 6b in terms of the summed WRMS misfit of all the 3-D cumulative GPS displacements and model predictions. The homogeneous viscosity needed to fit the cumulative displacements increases with the length of the cumulative time window (denoted above the green curve in Figure 6b ), indicating asthenosphere viscosity increases with time after the earthquake. Increasing the lateral complexity of our models leads to increasingly better fits to the GPS observations (i.e., scenario C performs better than scenario B, and scenario B performs better than scenario A). Such performances are found consistent in all the time 
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Geochemistry, Geophysics, Geosystems windows, indicating the first-order importance of lateral viscosity variation in the asthenosphere at trench distances between 300 and 700 km and the presence of a stationary cratonic mantle at trench distance >700 km. The fits of scenarios A-C to the 3-D GPS observations for two time windows (i.e., 0-1 and 0-8 years) are shown in Figure 7 , and other time windows are shown in Figures S6-S12 .
The optimal heterogeneous viscosity structure is therefore proposed in this study as scenario C. Figure 8 shows the temporal evolution of the optimal viscosity distribution in the intermediate-to-far-field range (trench distance of 200-700 km). In order to better illustrate the viscosity variation away from the rupture zone in time, we take swath profiles along the viscosity maps (the dashed lines Figure 8a ), normal to the center of the coseismic rupture zone. Figure 10d shows averaged values of these profiles for the eight investigated cumulative time spans. The results clearly show that the viscosities needed to fit the cumulative displacements increase with increasing time after the earthquake. Moreover, the rate of viscosity change is fastest in the regions closest to the trench and at the time immediately after the earthquake, and this rate progressively decreases with increasing distance from the trench and elapsed time after the earthquake. This result likely illustrates the stress/strain-rate dependence of viscous flow. The far field (>700-km trench distance) behaves almost elastically (not plotted in Figure 8 ), and no significant temporal variation of the viscosity is inferred in our study probably due to the presence of the strong cratonic mantle in Argentina in combination with distal small stress changes.
Overall, the heterogeneous viscosity distribution and its variations in different cumulative time windows have three main characteristics:
(1) viscosities increase at most a factor of 6 of magnitude with increasing distance from the trench immediately after the earthquake (i.e., from 2 × 10 18 Pa s in the area of <300-km trench distance to 10 19 Pa s in the area of <700-km trench distance) and become more laterally homogeneous with longer time after the earthquake; (2) viscosities increase rapidly immediately after the earthquake and the rate of change gradually slows down over the 8 years observation time, and the rate of viscosity change decreases with increasing distance in the area of trench distance between 300 and 700 km; (3) viscosity at trench distance >700 km is as high as almost being elastic and invariant with time, at least within the resolution capability of the GPS observation.
Discussion
A rapid international effort was made to monitor the Earth's surface deformation after the 2010 Maule earthquake with a dense array of cGPS stations installed by Chilean, German, French, American, and Argentinean groups (e.g., Schurr et al., 2009 ). The onshore side of the rupture zone is very well covered by cGPS stations from the coastline, at only some 100 km from the trench, up to a distance of about 1,500 km from the trench (Figure 1a) . This network provides a unique opportunity to monitor very long wavelength postseismic deformation of a great subduction earthquake as well as its temporal evolution. Spatially, the entire continental plate moves horizontally toward the rupture zone with displacement gradient decreasing significantly in the hinterland area (Figure 1a) . Moreover, the South America plate deforms vertically with subsidence near the coast, peak uplift in the Andean mountain range, and subsidence in the hinterland forming a flexure pattern (Figure 2b ). Such a 3-D deformation pattern is similar to that of the 2011 Tohoku-oki earthquake (see data shown in Freed et al., 2017) , perhaps representing a typical and first-order deformation pattern following a great subduction zone earthquake. Temporally, and perhaps more interestingly, the evolution of the 3-D displacements show many intriguing characteristics. For instance, the coast area reversed its seaward motion to landward motion, aligning with the oblique convergence direction of the Nazca plate 3-4 years after the earthquake (Figure 2a ). This realignment of GPS vectors is currently propagating further inland. Eventually, all the GPS vectors on the continental plate will return to the interseismic state that preceded the 2010 Maule earthquake , completing a full postseismic deformation cycle (Wang et al., 2012) . When and how the system arrives at this state requires longer observation and further quantitative investigations. 
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In this study, we focused on resolving the temporal evolution of mantle viscosities informed by the viscoelastic relaxation in the intermediate-to-far to far-field range (>300 km trench distance), and we neglected the near-field data (<300 km trench distance) that may be affected by multiple processes (i.e., afterslip, relocking, poroelastic rebound, and viscoelastic relaxation). Some recent studies consider a combination of viscoelastic relaxation and afterslip to explain the postseismic deformation but assign a simplified viscous structure in asthenosphere, especially in the lateral direction, to determine the viscoelastic relaxation contribution (e.g., Bedford et al., 2016; Freed et al., 2017) . Such simplifications sometimes underestimate the importance of viscoelastic relaxation, leading to incorrect determinations of afterslip (e.g., Sun & Wang, 2015) . Consequently, a study such as this one aimed toward resolving the viscoelastic relaxation alone might contribute to greater confidence separating these two processes. With better data precision and longer data accumulation, the vertical observations might be significantly important in discriminating between afterslip and viscoelastic relaxation.
In this study, we avoid unnecessary assumptions (e.g., viscosity structure and time evolution of viscosity) by starting from the simplest homogeneous models and then increase the necessary model complexities.
In doing so, we progressively gain insights into the first-order mechanisms of viscoelastic relaxation, as evidenced by the improvement of model misfit (Figure 6b ). Our results suggest that the spatial distribution of postseismic viscosity is laterally heterogeneous across strike of the subduction zone. The heterogeneous viscosity distribution exhibits a first-order lateral segmentation with relatively low viscosity (1 0 18 Pa s) below the volcanic area and a highly viscous (> 10 22 Pa s) cratonic mantle in the far field ( Figure 10a ). As previously proposed by Li et al. (2017) , this distribution might indicate the first-order influences of decreasing temperatures on viscosity ( Figures 10b and 10d) ; that is, the high geothermal gradient beneath the Andean mountain range and the low geothermal gradient beneath the cratonic mantle in Argentina correspond to relatively low and high viscosity, respectively. We note that the viscosity distribution may also relate to the fluid content, especially in volcanic arcs (e.g., Masuti et al., 2016) , and the data fitting of scenario C may be further improved with better optimized 3-D shape and viscosity of the cratonic mantle. Nevertheless, the viscosity (2-6 × 10 18 Pa s, Figure 10d ) estimated in the mantle wedge in this study is, surprisingly, of the same order of magnitude as the viscosity of the asthenosphere (~5 × 10 18 Pa s) estimated by Klein et al. (2016) may represent the average value of mantle wedge globally, which is an order of magnitude lower than the global average value of the asthenosphere (Wang et al., 2012) . This study further suggests that the viscosity of the cratonic mantle remains almost constant in the 8-year postseismic period, indicating the stationary presence of the ancient craton in the far field (Figure 10a) . Interestingly, the performance of scenario C is increasingly better than that of scenario B with passing time (Figure 6b ), indicating that the long-term geological feature is surpassing the short-term earthquake effects on the postseismic transient. We therefore anticipate that the lateral viscosity heterogeneities may also impact on the (subtle) interseismic deformation in Maule area as well as other subduction zones, calling for future studies.
This study shows that the viscosity structure recovers gradually after the megathrust earthquake (Figures 8, 9a , and 10d). Therefore, the stationary viscosity distribution constrained by static displacement field in previous postseismic studies (e.g., Freed et al., 2017; Li et al., 2017) may only represent a snapshot of the varying viscosity in the time span of available observations. The finding of viscosity variation in time confirms that transient rheology (e.g., Burgers rheology) is necessary to fit the nonlinear rate changes of the displacement time series and is consistent with geodetic and numerical modeling results obtained with other methodologies (e.g., Barbot, 2018; Qiu et al., 2018; Masuti et al., 2016; Sobolev & Muldashev, 2017) . Interestingly, the area close to the rupture zone recovers its viscosity faster than the area away from the rupture zone (Figures 9a and 10d) , indicating a stress/strain rate dependence component of the viscosity (Figure 10c ), in agreement with laboratory experiments. In order to further quantitatively test whether the viscosity recovery is consistent with power law rheology, we estimate the characteristic time (T c , in year) of the viscosity evolution at the retained stations in the intermediate-tofar-field range (trench distance of 200-700 km; Figure 9b ). T c is estimated by the formula
, where t is the Maule earthquake elapsed time in year and η is the estimated viscosity in pascal-second. We find that T c decays generally with the distance to the trench, consistent with the power law rheology. Accordingly, we propose that the spatial viscosity distribution is mainly dependent on the geothermal structure at depth and the temporal viscosity evolution is mainly dependent on the earthquakeintroduced stress variation (Figure 10 ). However, the relative contribution of these two components needs further quantitative investigations.
The layering of Earth structure is not considered in our models. Adding depth-dependent layers (e.g., Freed et al., 2017) might improve the GPS displacements fitting and confirm the viscosity being dependent on depth-varying temperature, pressure, and water content (Hirth & Kohlstedt, 1996) . However, the degrees of freedom and consequently the number of possible models increase exponentially with the number of free layers as well as the number of combinations of their thicknesses. Resolving a modest number of additional free layers would increase the computational cost beyond our current resources, and even then, great ambiguity might arise from the layer thicknesses (e.g., (Hines & Hetland, 2013; Johnson et al., 2007; Riva & Govers, 2009) . Essentially, there is also a trade-off between the chosen depths of the layer boundaries and the modeling-constrained viscosities in the layers (e.g., Freed et al., 2017; Hu et al., 2016) . A caveat of this study is that the viscosity distribution is constrained in cumulative time windows and therefore a direct quantitative comparison of the viscosity variation in different time windows is not fully accurate because of the neglect of the effects of the stress variation caused by the viscosity evolution. A selfconsistent model with continuous spatiotemporal viscosity variation would be more realistic and might shed light on fully explaining the trajectory of 3-D GPS time series, which remains a challenge for postseismic models. (a) The temperature variation (at 100 km depth) with the trench distance from (Springer, 1999) . (b) The calculated second invariant strain rate (at 100 km depth) of the swath profile for different cumulative time windows. (c) The averaged viscosity of the swath profile for different cumulative time windows. The location of the swath profile is plotted in Figure 8a as the dashed lines.
Conclusion
We exploit the 8-years time series of cumulative GPS displacements after the 2010 M w 8.8 Maule Chile earthquake to constrain the deep viscosity structure and its temporal evolution. We remove the first-order potential influences of afterslip and relocking on our estimations of mantle viscosities >300-km trench distance. Comparing the fitting of the 3-D finite element viscoelastic models to the GPS observations, we propose a spatially and temporally varying viscosity in the asthenosphere. The viscosity scenario shows significant lateral increment in space with the viscosity of 10 18 Pa s in the area of~300-km trench distance, 10 19 Pa s in the area of~700-km trench distance, and an almost elastic cratonic mantle in the area of >700-km trench distance. During the 8 years after the earthquake, the viscosity recovers gradually by at least 1 order of magnitude (i.e., from~10 18 to~10 19 Pa s) in the area of from 300-to 700-km trench distance and may keep constant in the area of >700 km trench distance due to the presence of the cratonic mantle in Argentina. Such spatiotemporal variation of viscosity implies both temperature and stress/strain rate dependence of the viscosity in terms of transient rheology and needs to be considered in modeling the earthquake cycle deformation.
